Alzheimer's disease (AD) is the most prevalent, progressive and multifaceted neurodegenerative disorder associated with cognition, memory and behavioural impairments. There is no approved diagnosis or cure for AD, and it affects both developed and developing countries and causes a significant social and economic burden. Extracellular senile plaques of amyloid beta (Ab) and intracellular neurofibrillary tangles of phosphorylated Tau (pTau) in the brain are considered to be the pathophysiological hallmarks of AD. In an attempt to explain the complexity and multifactorial nature of AD, various hypotheses (Ab aggregation, Tau aggregation, metal dyshomeostasis, oxidative stress, cholinergic dysfunction, inflammation and downregulation of autophagy) based on pathophysiological changes that occur during the onset and progression of AD have been proposed. However, none of the hypotheses is capable of independently explaining the pathological conditions observed in AD. The complex and multifaceted pathophysiological nature of AD has hampered the identification and validation of effective biomarkers for early diagnosis and the development of disease-modifying therapies. Nevertheless, the amyloid hypothesis is the most widely accepted and is closely correlated with disease symptoms of AD that encompass all the disease hypotheses. Therefore, amyloid plaques are ideal biomarkers for the development of an early diagnosis of AD. Similarly, the formation of amyloid plaques can also serve as a target for the design of therapeutic tools via an inclusive approach that considers multiple disease pathways involved in AD. Our review article briefly introduces pathophysiological factors involved in AD using interdependent but diverse hypotheses. Recent advances in the development of effective molecular tools and techniques for diagnostic and therapeutic interventions in AD, especially those in the advanced stages (clinical trials) of development, are given special consideration. In addition, contributions from our laboratory to the development of selective molecular tools for diagnostic and therapeutic interventions that target multifaceted toxicity in AD are also covered. In summary, we discuss diverse aspects of molecular mechanisms that underlie the pathogenesis of multifactorial AD, current progress and possible bottlenecks that have hampered the development of early diagnostic tools and effective drugs. Challenges and future prospects include the integration of various disease pathways for the successful development of an early diagnosis and effective drugs for the treatment of AD.
Introduction
AD is the most devastating form of all neurodegenerative disorders and contributes to about 70-80% of all cases of dementia.
1 Recent statistics reveal that >45 million people are affected by AD, and this number is expected to rise threefold to >135 million by 2050. Alarmingly, there is no approved diagnosis or cure for AD, and the development of effective diagnostic and therapeutic tools has been hindered by its multifactorial nature. [2] [3] [4] AD is characterised by the accumulation of two kinds of toxic protein aggregates, namely, extracellular amyloid plaques and intracellular neurobrillary tangles (NFTs)/paired helical laments (PHFs) in the brain (Fig. 1a) . The typical symptoms of AD patients include a decline in cognition, memory loss, a lack of task-performing ability and behavioural discrepancies. In the next decade, it is predicted that AD will severely affect both developed and developing countries and cause a signicant social and economic burden (Fig. 1a) . Whereas all major diseases such as prostate and breast cancer, heart diseases, and AIDS have undergone a decline, the number of patients affected by AD has risen by >71% (Fig. 1a) .
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The continuous and rapid rise in disease pathogenesis is due to the absence of early detection methods and medication that can either slow or prevent progression of the disease. As a consequence, the scientic community is devoting immense efforts to understanding the pathways and progression of AD to facilitate the development of effective treatments. The exact mechanism of AD pathogenesis is not understood owing to multiple disease pathways (multifactorial nature). However, the presence of extracellular senile plaques and intracellular NFTs/ PHFs in the brain in AD has been shown to play a key role in all disease pathogenesis. 2, 7 The amyloid hypothesis is the most widely accepted and is reasonably closely correlated with the disease symptoms observed during AD and related multiple disease pathways involving Tau hyperphosphorylation, inam-mation, post-translational modications, protein imbalances, and dysfunction of the cholinergic system, among others. Therefore, amyloid aggregates (senile plaques and NFTs) are ideal biomarkers for the development of early diagnostic and therapeutic interventions in AD. [8] [9] [10] Recent advances in the development of effective diagnostic and therapeutic tools, especially those in the advanced stages of development, and contributions from our laboratory are covered with respect to current progress, challenges and future prospects. There is a vast literature on AD, and the reader is directed to review articles published elsewhere for reports that do not fall within the scope of this article.
AD pathology
The multifactorial nature of AD has led to the proposal of various hypotheses based on the molecular and pathophysiological changes observed in the brain during the onset and progression of AD (Fig. 1B) . We present some of the important hypotheses in the following sections.
Amyloid hypothesis
The amyloid hypothesis postulates that the generation, misfolding, aggregation and deposition of Ab peptides as senile plaques in the brain lead to neurodegeneration, which is considered to be one of the main causative factors of AD (Fig. 1b) . 11 The aggregation of Ab is thought to be the core of the pathology of AD and acts as a trigger for various other closely associated pathological pathways such as Tau phosphorylation, metal dyshomeostasis, mitochondrial damage, the generation of reactive oxygen species (ROS), oxidative stress, and inam-mation, among others, which contribute to neuronal toxicity and cell death. Ab peptides are derived from amyloid precursor protein (APP), which is a transmembrane neuronal glycoprotein, by the action of protease enzymes known as secretases. Under normal physiological conditions, APP is cleaved by asecretase and g-secretase and generates nontoxic fragments, which are cleared from the brain. However, adverse pathophysiological conditions alter the mode of processing of APP, as it is cleaved by b-secretase and g-secretase to produce Ab peptide fragments (37-43 amino acids). These Ab peptide fragments, especially Ab42, are highly amyloidogenic and undergo misfolding to form a b-sheet structure and hydrophobic interactions to form toxic oligomers, protobrils, brils and senile plaques in extracellular regions of the brain (Fig. 1b) . Among aggregated Ab species, oligomers are considered to be the most toxic forms in comparison with protobrils and fully grown brils. However, recent studies have shown that fully grown brils or aggregates serve as a catalytic surface to produce highly toxic oligomeric species via a secondary mechanism. 2, 12 Ab oligomers interfere with a signalling cascade in the synaptic cle, which leads to synaptic dysfunction and neuronal death. For instance, Ab oligomers bind to glutamate receptors [NMDA receptor (N-methyl-D-aspartate receptor) and AMPA receptor (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor)] and instigate the loss of synaptic plasticity and memory formation. In general, the amyloid hypothesis is the most widely studied and validated hypothesis for understanding the underlying mechanism of the pathogenesis and progression of AD. Moreover, various observations in cell biology and genetics have conrmed that Ab plays a vital role in the pathology of AD. 13 
Tau hypothesis
Tau is a microtubule-associated protein (MAP), and its function is to modulate the stability of microtubules.
14 Tau protein is predominantly found in the axons of neurons and is associated with axonal microtubules. 15 The uncontrolled phosphorylation of Tau leads to the disintegration of microtubules and the subsequent intracellular aggregation of pTau to form NFTs and is the pathological basis of the Tau hypothesis of AD (Fig. 1b) . 16 Notably, the phosphorylation of Tau is a dynamic process and has biological signicance for the structural stability and function of neurons. However, under disease conditions the specic phosphorylation of Tau becomes irreversible and leads to hyperphosphorylation, which triggers its collapse and intracellular aggregation to form NFTs. There are sufficient reports to conclude that Tau plays a denitive role in the pathology of AD. However, the Tau hypothesis alone is inadequate to explain all the symptomatic conditions observed in AD. 17 Evidently, the amyloid and Tau hypotheses are closely linked to each other and together play a vital role in the pathology of AD. Clearly, there is a controversy over the identication of the rst of these two hypotheses that initiates the pathology of AD, as there exist reports that support the theory that Ab triggers Tau pathology and vice versa. 11 However, recent studies point to the fact that the aggregation of Ab and associated events trigger Tau pathogenesis. 17, 18 Nevertheless, Tau aggregates are also observed in relatively early stages of AD and are possibly potent biomarkers for early diagnostic and therapeutic targets for AD. Various therapeutic strategies that have been adopted to test the Tau hypothesis include (i) the inhibition of Tau phosphorylation or phosphorylating enzymes [glycogen synthase kinase-3b (GSK3b), cyclin-dependent kinase-5 (Cdk5), protein kinase A (PKA) and Ca 2+ /calmodulin-dependent protein kinase II (CaM-KII)], (ii) the inhibition of Tau aggregation and improvement of its clearance, and (iii) the stabilisation of microtubules. 19 Some of the lead candidates developed for AD as a result of these therapeutic strategies are at various stages of clinical trials and are discussed in the therapeutics section.
Metal hypothesis
The presence of high concentrations of metal ions (Cu, Fe, Zn and Al) in senile plaques indicates their possible role in the pathology of AD (Fig. 1b) . [20] [21] [22] [23] Metal ion dyshomeostasis is a common phenomenon observed during AD pathogenesis.
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Copper and zinc ions are known to accelerate the aggregation of Ab to form senile plaques. 25 Redox-active metals, especially copper and iron, stabilize oligomeric forms of Ab peptides. These oligomeric species are reported to interact with various synaptic receptors and cause signalling dysfunction. 26 Moreover, Ab-bound redox-active metals (Cu and Fe) undergo redox cycling in a reducing environment to generate excess ROS, which further result in oxidative stress and cause neuronal death. The obvious therapeutic intervention in accordance with the metal hypothesis would be the development of metal chelators that target Ab-bound redox-active metals and maintain them in a redox-dormant state. However, testing the metal hypothesis using metal chelators has not been entirely successful, which was attributed to the multifaceted toxicity observed in AD. 27 In recent times, the development of multifunctional molecules that target metal sequestration together with other pathological pathways (amyloid aggregation, oxidative stress, mitochondrial dysfunction and many others) has received greater interest, as such strategies are reported to yield good results.
ROS and oxidative stress hypothesis
The generation and tightly controlled homeostasis of ROS and reactive nitrogen species (RNS) is a common physiological process and plays a pivotal role in cell signalling and the ght against infections. 28 However, the production of excess ROS and RNS causes oxidative stress and damage to cellular biomacromolecules, which severely affects normal physiological functions and causes neuronal cell death. 29 The brain is highly vulnerable to oxidative stress owing to its high oxygen consumption rates in comparison with other organs in the body. Elevated levels of ROS are generally observed in pathophysiological conditions in AD, and various pathways are responsible for inducing such highly unfavorable cellular conditions. For instance, Ab peptides chelate with redox-active metals (Cu and Fe) to form Ab-metal complexes, which initiate redox cycling in a reducing environment and become the source of the continuous generation and accumulation of ROS (Fig. 1b) . Mitochondrial dysfunction is a key consequence observed in the pathology of AD, and together with mitochondrial damage initiates the cascade of pathways that generate ROS. 30 The use of natural antioxidants that are generally found in many foods and medicinal plants, such as curcumin, resveratrol, epigallocatechin-3-gallate (EGCG), brazilin, orcein, tanshinone and many others, has been shown to provide signicant relief to AD patients by preventing the generation of excess ROS and related oxidative stress. 31 
Cholinergic hypothesis
The cholinergic hypothesis refers to dysfunction of the cholinergic system at the synaptic overlap of neurons in the brain, which triggers memory loss and subsequent cognitive impairment. 32 Therefore, rejuvenation of the cholinergic system is essential to reduce the risk of cognitive dysfunction and improve the memory of the patient. Choline acetyltransferase (ChAT) and acetylcholinesterase (AChE) are the key enzymes in the cholinergic system and play critical roles in neural transmission. Acetylcholine (ACh) is a key neurotransmitter synthesised from acetyl-CoA and choline, which is catalysed by ChAT. ACh receptors (AChR) in the synaptic cle bind to ACh and process neuronal signals. AChE that is present in the synaptic cle terminates signal transmission by hydrolysing ACh to form acetic acid and choline. The production and breakdown of the neurotransmitter ACh, which involve ChAT and AChE, respectively, operate via a feedback loop mechanism. 33 A steep decline in levels of ACh and ChAT is observed during the pathology of AD and is responsible for memory loss and cognitive dysfunction (Fig. 1b) . Therefore, the modulation of ChAT activity to prevent the degradation of ACh can restore normal synaptic signalling and cognitive function. Similarly, the NMDA receptor is a glutamate receptor and plays a vital role in synaptic signalling and synaptic plasticity. 34 In fact, excessive NMDA activity causes excitotoxicity and neuronal cell death. The activation of synaptic NMDA initiates synaptic plasticity and is neuroprotective, whereas the activation of extrasynaptic NMDA causes a decline in mitochondrial membrane potential and neuronal death. 35 The development of an NMDA antagonist that could selectively block extrasynaptic NMDA would be an ideal disease-modifying therapeutic strategy. Glutamate has not been mentioned, but, like a decrease in ACh levels, an increase in glutamate levels causes excitotoxicity.
Inammation hypothesis
Inammation is the natural defence mechanism in living systems, whereby the immune system recognises pathogens, debris, damaged and misfolded proteins, and damaged cells and initiates their degradation and clearance. Under AD conditions, amyloid deposits (senile plaques and neurobrillary tangles) and damaged or dead neurons activate microglia to initiate inammation. 36 Microglia are activated to form primed microglia, which release cytokines, acute-phase reactants, and other inammatory mediators that cause neuronal death (Fig. 1b) . 37 Activation of the inammatory system subsequently causes localised damage in the brain, which contributes to neuronal death. In vivo models have indicated that inamma-tion signicantly contributes to and accelerates the pathogenesis of AD; moreover, targeting AD using anti-inammatory drugs has shown promising results in preliminary studies. However, clinical studies of anti-inammatory drugs for treating AD are still in their infancy. 38 Nevertheless, the effect of antiinammatory drugs has been evaluated, and the results show signicant improvements in slowing the pathology of AD. 39 
Autophagy
Autophagy is the natural cellular mechanism of the degradation and recycling of toxic debris and cellular organelles. 40 In fact, the modulation of autophagy plays a key role in many disease conditions, such as AD, cancer, Parkinson's disease, osteoarthritis, cardiac diseases and many others. Recently, Yoshinori Ohsumi was awarded the Nobel Prize (2016) in medicine for his contributions to understanding the mechanism of autophagy, which signies the importance of studying autophagy in biological systems and disease research. In brief, in the autophagy process a small double-membrane sac initially appears and then elongates to form a phagophore, which engulfs part of the cytoplasm containing damaged proteins or dysfunctional organelles and is closed up by the fusion of the two ends of the membrane to form an autophagosome (Fig. 1b) . The autophagosome fuses with lysosomes (autolysosome), which results in proteolytic degradation of the inner membrane and trapped contents. Finally, the autolysosome ruptures to release the degraded contents into the cytoplasm. Literature reports are in good agreement that dysfunction of autophagy is likely to contribute signicantly to the onset and progression of AD.
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Dysregulation of autophagy impairs neuronal and nutrient homeostasis, which in turn contributes to pathogenic processes in AD. Defects in autophagy occur in the early stage of AD pathogenesis, and therefore the development of activators of autophagy is an effective strategy for the clearance of toxic peptide or protein aggregates (Ab and Tau). 
Diagnostic intervention
The timely diagnosis of AD is the most important requirement and is critical for understanding the severity of the disease condition and providing appropriate treatment to the patient. As was mentioned previously, there are no approved methods for the diagnosis of AD, which in turn affects the design and development of therapeutic modalities. The current diagnosis of AD is mostly based on the assessment of the behaviour and cognitive state of patients. Cognitive decits are observed only in the advanced stage of the disease, and irreversible damage has already occurred in the brain of the patient. Studies suggest that amyloid deposits and changes symptomatic of the disease possibly develop decades before a noticeable decline in cognitive function. 43 Therefore, the development of molecular tools and techniques for early diagnosis has been the prime focus of research into AD. In this context, Ab peptides, polymorphic aggregated Ab species, hyperphosphorylated Tau, Tau aggregates, neurogranin, APP and monocyte chemoattractant protein-1 (MCP-1) in the brain, cerebrospinal uid (CSF) and blood are considered to be potential biomarkers for early diagnosis (Fig. 2) . Currently, a great amount of resources and research efforts are directed at the development of molecular tools and techniques for the identication and quantication of these biomarkers. 44 
Far-red uorescent probes
It is widely accepted that the presence of Ab plaques precedes the clinical symptoms of AD. Furthermore, the amyloid hypothesis plays a key role in all other disease hypotheses that have been put forward for AD. Therefore, targeting Ab species as biomarkers is an ideal strategy for developing tools and methods for the early diagnosis of AD (Fig. 2) . Fluorescent probes provide a real-time, non-radioactive, high-resolution and inexpensive imaging technique for detecting Ab species in the brain. In particular, far-red uorescent probes are a special class of probes that are useful for the detection and imaging of Ab species and have distinct advantages over normal probes. Red and near-infrared (NIR) molecular probes with emissions in the region of 650-800 nm are highly sought-aer tools owing to their excitation by visible wavelengths, minimal interference from autouorescence and scattering by biomolecules, and the advantages of a great sample penetration depth and enhanced sensitivity. These important and valuable attributes make them viable probes for developing detection and imaging tools for AD. In recent years, derivatives of oxazine, BODIPY, curcumin, styryl, stilbene, thiophenes and benzothiazole have been developed and extensively used as uores-cent probes for Ab and Tau aggregates. [45] [46] [47] [48] A dual-response probe, namely, benzothiazole-coumarin (TC), was developed by our group for the detection of Ab42 aggregates. 49 TC exhibited turn-on red uorescence (l ex ¼ 537 nm, l em ¼ 654 nm) with a large Stokes shi (117 nm) and a characteristic colourimetric response upon binding to Ab42 aggregates (Fig. 3a and  b) . Although the TC probe displayed high sensitivity and specicity towards Ab42 aggregates over other abnormal protein aggregates, namely, a-synuclein (a-Syn, Parkinson's disease) and islet amyloid polypeptide (IAPP, type II diabetes), the probe was found to bind DNA. In the presence of both Ab42 brillar aggregates and DNA, TC preferentially binds to Ab42 brillar aggregates over DNA, which is attributed to the high binding affinity of TC for Ab42 brillar aggregates.
The b-sheet structure is the common structural conformation observed among most amyloid aggregates, which has hindered the development of probes for the selective and specic detection of any individual protein aggregate. In fact, numerous uorescent probes have been reported for Ab aggregates, Ab polymorphs, Tau aggregates and NFTs. However, most of these probes lack selectivity towards a specic protein aggregate and therefore cannot be developed into diagnostic tools for the detection of AD. This underlines the need for the development of selective probes for specic protein aggregates to accomplish a denitive diagnosis of AD. Hyperphosphorylated Tau and NFTs are signatures of tauopathies (frontotemporal dementia and supranuclear palsy, among others), which involve a breakdown of the normal functionality of Tau protein and are responsible for causing dementia independently of AD. The differential diagnosis of AD from tauopathies, other neurodegenerative diseases and, in particular, cases of mixed dementia demands the specic detection of Ab species. We have developed a unique turn-on NIR uores-cent probe (CQ) by subjecting the TC probe to a rigorous structure-activity study for the detection of Ab42 aggregates over Tau and other protein aggregates (Fig. 3) . 50 Coumarinquinoline (CQ, l ex ¼ 521 nm, l em ¼ 654 nm) exhibited remarkable uorescence enhancement, binding affinity (82 nM), quantum yield (0.36) and selectivity towards Ab42 aggregates. The selectivity of the probe was further conrmed by insignicant interference from the presence of various biomacromolecules (human serum albumin and DNA) and other toxic protein aggregates of Tau, a-Syn and IAPP (Fig. 3c) . The differential detection of Ab42 aggregates from Tau and other protein aggregates is vital in the clinical differentiation of AD from Tau pathology and cases of mixed dementia.
Furthermore, the specicity and sensitivity of CQ towards Ab plaques were assessed in brain tissue from an AD patient. CQ efficiently stained Ab plaques with a high signal-to-noise ratio and required a concentration that was lower by a factor of 15 700 to stain Ab plaques in comparison with the control dyes thioavin T (ThT) and thioavin S (ThS) (Fig. 3d) . Interestingly, various forms of Ab plaques such as amyloid angiopathy and core/diffuse plaques were observed (Fig. 3e) . The specic staining of Ab plaques in AD brain tissue in the presence of coexisting Tau aggregates/NFTs is a remarkable property that is useful for developing specic tools for the clinical diagnosis of AD and differentiating it from Tau pathology (Fig. 3f) . The utility of NIR probes for the in vitro detection, imaging and monitoring of Ab aggregates has been quite successful. However, in vivo NIR uorescence imaging of the human brain is limited by the current scope of uorescence imaging techniques. This limitation of uorescent probes for in vivo imaging of the human brain has led to the study of radiolabeling of uorescent probes for positron emission tomography (PET) and single-photon emission computed tomography (SPECT) imaging, which are well-established techniques for application in humans. The NIR probe CQ, which exhibits good tissue penetration depths and blood-brain barrier (BBB) permeability, is a viable tool for academic/medical/disease research, monitoring disease progression, and in cellulo, in vitro (tissues) and in vivo imaging in animal models. The efficient BBB permeability and high sensitivity and selectivity of CQ towards Ab plaques make it an ideal candidate for development as a PET probe, and currently work is in progress in our laboratory.
PET and SPECT
The pathological markers Ab plaques and NFTs form in the brain decades before cognitive symptoms are manifested in an AD patient. Therefore, the in vivo imaging of Ab plaques or NFTs in the human brain is a current requirement for the early diagnosis of AD pathology, and PET is considered to be a potential technique that may serve this purpose (Fig. 2) . 51 In this context, 11 C-labelled Pittsburgh compound B ( 11 C-PiB), which is a radioactive analogue of ThT, was one of the rst tracers used to image Ab plaques in the brain. However, 11 C-PiB suffers from the very short half-life of 11 C (20.33 min) (Fig. 4 ).
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Flutemetamol ( 18 F), which is a derivative of PiB labelled with 18 F, exhibited improved longevity for imaging, which was attributed to the longer half-life of 18 F (109.7 min). Flutemetamol is approved by the FDA for in vivo PET imaging of Ab plaques in the brain. Florbetapir ( 18 F) and orbetaben ( 18 F) are two other PET tracer analogues from the PiB family that are approved for in vivo imaging of amyloid plaques in the brain in AD (Fig. 4) . 53, 54 Similarly, several PET probes have been developed for imaging Tau aggregates involved in AD and tauopathies. 55 However, these probes are not approved for clinical imaging of Tau aggregates in the brain (Fig. 4) . The quinolone derivatives 18 F-THK5105 and 18 F-THK5117 were developed for imaging Tau aggregates in AD patients. The retention of these probes was found to be good in regions of Tau deposits in the brain. 56, 57 The benzimidazole derivative 18 F-T808 is a PET probe that has been reported for the detection of hyperphosphorylated Tau over other forms of Tau aggregates. Data showed a good kinetic prole and retention time for this probe in the brain, which differentiate AD patients from healthy controls. 58 Similarly to PET probes, SPECT probes were also developed to study and detect amyloid aggregates in the brain.
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SPECT is more convenient than PET with respect to the number of facilities available and its use of radionuclides with longer half-lives. However, SPECT suffers from lower sensitivity and spatial resolution in comparison with PET imaging. Among the SPECT probes used for imaging amyloid, promising results because it preferentially binds to Ab plaques in the brain. 60 Currently, PET-based imaging is the only technique available for the early clinical diagnosis of AD. However, this method involves radioactive tracers and requires expensive and sophisticated instrumentation, and affordability issues have hindered the widespread use of PET imaging for the diagnosis of AD. Moreover, the entire range of PET probes (based on ThT, which is a non-selective probe for the detection and staining of protein aggregates), whether approved or undergoing clinical trials, lack complete selectivity towards their target protein aggregates, which may lead to incorrect diagnosis and treatment. Non-selective staining becomes a severe problem when using PET probes in the case of patients with mixed dementia. Therefore, there is an urgent need to develop selective PET probes for both Ab plaques and Tau aggregates/NFTs.
Magnetic resonance imaging
Magnetic resonance imaging (MRI) is a non-invasive method for studying both structural and functional features of the brain.
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There are two types of MRI techniques, namely, structural imaging (sMRI) and functional imaging (fMRI). sMRI is used to study atrophy of the brain and is not a suitable diagnostic tool for AD. Atrophy that is observed may not be specic to AD and can be associated with any form of neuronal disorder. This lack of specicity also limits the utility of sMRI for the detection and imaging of histopathological hallmarks of AD such as senile plaques and NFTs. fMRI is employed to study the functional integrity of the brain, which includes memory formation, cognitive changes over time, and neuronal activity. fMRI studies have shown signicant differences in the brain's complex network during aging, mild cognitive impairment (MCI), and AD. Moreover, fMRI revealed changes in functional connectivity during the progression of AD. This suggests that monitoring changes in functional connectivity using fMRI could be a promising biomarker for AD. However, work in this eld is at a very early stage and needs to be standardized in multiple patients for the successful application of fMRI as a diagnostic tool for AD. 62 Nevertheless, combining the power of MRI and PET imaging using selective and sensitive molecular probes may possibly deliver better tools for the early diagnosis of AD.
Mass spectrometry
The detection of biomarkers in the brain is an exceptionally challenging task and demands sophisticated, safe and practically viable techniques. On the other hand, the development and validation of tools and methods for the identication of biomarkers in biological uids such as blood and CSF is appealing owing to the ease of accessibility of samples and requires the immediate attention of researchers and clinicians. 63 Numerous techniques, such as ELISA, DNA-based probes, and antibodies, have been reported in the literature for the detection of biomarkers in blood and CSF; however, these techniques suffer from some common as well as specic limitations. 64 CSF is a colourless uid that is produced in the choroid plexus, which lls and circulates in the ventricular system, cisterns, sulci and the central canal of the spinal cord. 65 It is believed that any biochemical changes and alterations in the levels of biomolecular markers that occur in the brain must be reected in CSF. As a result, CSF has been used for the detection of Ab and Tau aggregates and their concentrations for the early diagnosis of AD. Unlike blood, CSF is drawn from the spine by a procedure called lumbar puncture, which is painful and can cause adverse side effects in patients. 65 Therefore, the use of blood samples for identifying biomarkers has several advantages and has received interest for the diagnosis of AD.
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The concentrations of Ab species and Tau in blood (plasma and serum) are much lower in comparison with their levels in CSF. This bottleneck necessitates the development of ultrasensitive techniques for the analysis of biomarkers in blood samples. The use of highly sensitive mass spectrometry (MS) for the detection of biomarkers in blood samples is a promising technique. A number of biomolecules, including APP, Ab species, Tau, pTau, apolipoprotein E (ApoE), interleukins (IL-1a, IL-6), clusterin (CLU) and a-1-antichymotrypsin (a-ACT), among others, have been considered as potential biomarkers, and the assessment of their precise concentrations in blood is anticipated to provide a reliable diagnostic method for AD. 67 In particular, Ab peptides and their concentrations in plasma have been extensively investigated as biomarkers for AD. However, it is unclear to what extent Ab levels in blood samples can serve as a precise diagnostic indicator of AD. Several studies have indicated that the mere presence of Ab40 and Ab42 in a blood sample is not correlated with pathological conditions in AD. 68 The majority of reports have conrmed the fact that the Ab42/Ab40 concentration ratio in blood samples has greater signicance for the diagnosis of AD in comparison with the quantication of individual species. In a recent study, Yanagisawa et al. used immunoprecipitation coupled with mass spectrometry for the denitive detection of biomarkers in blood that are correlated with amyloid deposits in the brain. 69 A composite parameter was derived from the APP/Ab42 and Ab40/Ab42 ratios to dene the Ab-positive or -negative status of the brain, and the results were validated via PET imaging of the brain. In this study two independent datasets were obtained from Japan (n ¼ 121) and Australia (n ¼ 252), which included normal individuals, individuals with MCI and individuals with AD. Composite biomarker data obtained by blood analysis have been used to determine the Ab plaque load in the brain with an accuracy of 90% and statistical signicance. This MS-based technique appears to be promising; however, much more standardization and improvements are needed for its real-world application.
Therapeutic intervention
AChE inhibitors (Aricept (donepezil), nivalin (galantamine), Rivastach (rivastigmine), Cognex (tacrine)) and a weak antagonist of the NMDA receptor (Namenda (memantine)) are the few drugs approved for the treatment of AD. 27 However, these drugs do not act directly on the underlying disease mechanisms and only offer symptomatic and temporary relief in cases of mild to moderate AD. 70 In other words, there are no approved drugs that target the core pathology of AD to slow or prevent the progression of the disease. 
Another cause for concern in the community is that there are absolutely no treatments for advanced stages of AD. Although a large number of drugs have undergone clinical trials, most of them failed (99.6%) at various stages of the trials. In spite of disappointing failures, there has been appreciable progress in understanding the disease mechanisms and with respect to tangible biomarkers and targets. The lessons and knowledge gained from numerous failures and setbacks will denitely help academic researchers, clinicians and pharmaceutical companies to develop effective and successful drug candidates for AD in the near future. In fact, a signicant number of drug candidates that target various therapeutic pathways in AD are undergoing preclinical and clinical trials. We discuss drug candidates that target various therapeutic pathways in AD in the following section, which includes efforts by our own research group to develop multifunctional modulators as drug candidates.
Targeting Ab and Tau aggregation
The presence of extracellular senile plaques (Ab peptide) and intracellular NFTs (Tau protein) is a hallmark of AD. Targeting the aggregation process of Ab and Tau has been an active strategy for the design and development of therapeutic agents for pharmacological intervention in AD. Molecules that can effectively (i) prevent brillogenesis or dissolve plaques, (ii) destabilize toxic oligomers, (iii) prevent metal-mediated aggregation or (iv) clear toxic aggregates from the brain are termed as aggregation modulators. This section has been divided into several subsections on the basis of the nature and action of the drug candidate.
4.1.1 Small molecules. The modulation of amyloid aggregation (Ab and Tau) by small molecules has been an effective strategy and has met with reasonable success. However, most small-molecule-based aggregation modulators have failed in clinical trials. 72 This scenario necessitates the careful and comprehensive design of efficient functional drug candidates for targeting amyloid aggregation that takes into account the reasons for failure and missing links in previous approaches. Several synthetic derivatives have been developed and tested as modulators of Ab or Tau aggregation.
73 Among these, very few molecules, such as cyclohexane-1,2,3,4,5,6-hexaol (Ab aggregation) and methylthioninium chloride (LMTM: TRx-0237) (Tau aggregation), have advanced to clinical trials, although the trials were subsequently stopped owing to discouraging results (Fig. 5) . 74, 75 In the search for aggregation modulators, natural products have displayed promising results. Natural products such as curcumin, resveratrol and EGCG have been shown to effectively decrease the Ab plaque load and improve cognition in mice with AD as a result of their anti-aggregation and antioxidant properties (Fig. 5) . 76 Similarly, brazilin, which is derived from Caesalpinia sappan, inhibits the aggregation of Ab42 and prevents the formation of secondary nucleation cores for the further brillogenesis of Ab42 to form toxic Ab42 species.
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Tanshinone, which is extracted from beans from Voacanga africana, inhibits the brillogenesis of Ab42, disrupts preformed Ab42 aggregates and ameliorates the neuronal toxicity of Ab. 78 Orcein, which is a natural product extracted from Roccella tinctoria, is an accelerator of the aggregation of Ab42. It interacts with the hydrophobic region of toxic Ab42 oligomers and protobrils and accelerates the formation of relatively less toxic Ab42 brillar aggregates. 79 Oleuropein aglycone, which is a phenolic derivative obtained from olives, binds to Tau and prevents its aggregation to form toxic species. 80 Although small molecules and natural products have shown promising results as aggregation modulators, their effectiveness in clinical trials has yet to be systematically assessed. Moreover, the success of aggregation modulators based on small molecules or natural products depends on the incorporation of additional features that alleviate the multifaceted toxicity of AD.
4.1.2 Peptidomimetics. Peptidomimetics are synthetic analogues of natural peptides or proteins with improved biostability, bioavailability and ability to interact with biological targets to produce similar or superior biological effects.
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Design strategies for developing peptidomimetic-based aggregation modulators have mostly relied on targeting the hydrophobic core recognition units of Ab (KLVFF) and Tau (VQIVYK and VQIINK). 83, 84 The hydrophobic core recognition sequences interact with and inhibit the aggregation of the respective parent peptide or protein. However, weak interactions of the core recognition sequence with the parent peptide or protein and proteolytic instability result in low inhibition efficiency. Attempts to improve the proteolytic stability and binding interactions of natural core recognition sequences led to the development of peptidomimetic inhibitors. Some of the synthetic approaches used to generate peptidomimetics as aggregation modulators include backbone modication, side chain modication, the introduction of specic organic moieties and cyclization. 81, [85] [86] [87] As has already been suggested, the inhibition of aggregation alone is not sufficient to tackle the multifactorial pathology of AD. Therefore, multifunctional peptidomimetic-based aggregation modulators have been developed, which are capable of targeting other pathophysiological factors involved in AD. We have reported a new class of hybrid cyclic peptoids that were designed to modulate autophagy, which is a natural process for clearing toxic aggregates in AD. 88 A simple, differential cyclization of N a -alkyl-and N a -acylsubstituted N-(2-aminoethyl)glycine derivatives was devised by taking advantage of the rigid and exible backbone to form sixand twelve-membered products, respectively, via intra-and intermolecular cyclization (Fig. 6a) . The synthesised hybrid cyclic peptoids were screened for the modulation of autophagy using a rey luciferase assay in yeast, in which the degradation of a cargo marker (GFP-tagged) was an indicator of autophagy activity. Among the cyclic peptoids that were screened, 4-benzylpiperazin-2-one (4a) gave rise to an increase in the rate of degradation of the protein marker via autophagy in a dosedependent manner (Fig. 6b) . Furthermore, modications of 4a in terms of the structure-activity relationship (SAR) are currently in progress to develop effective modulators of autophagy that target the pathology of AD.
In a similar strategy, linear peptidomimetic modulators were designed, and the hybrid peptoid P5 was identied as a potential modulator of the aggregation of Ab and promoted the clearance of toxic Ab aggregates by activating autophagy in a yeast model of AD (Fig. 6c) . 89 The design of these peptidomimetics was based on the recognition unit of Ab peptide (KLVFFA), which interferes with hydrogen bonding and other non-covalent interactions that are responsible for the aggregation Ab. The peptidomimetics that were designed contain Nterminal thymine/barbiturate and sarcosine (N-methylglycine) at alternate amino acid positions in KLVFFA to target intramolecular and intermolecular hydrogen bonds involved in the aggregation of Ab. The hybrid peptoid P5 with an N-terminal thymine unit and sarcosine at alternate positions effectively inhibited the aggregation of Ab and dissolved preformed Ab42 aggregates (Fig. 6d) . Furthermore, P5 exhibited high proteolytic and serum stability in comparison with the unmodied peptide (KLVFFA). Interestingly, P5 rescued yeast cells affected by the toxicity of Ab by preventing aggregation or dissolving preformed aggregates and in the process promoted their clearance via the autophagy pathway ( Fig. 6e and f) . In other words, P5 exhibited no rescue effect in autophagy-defective mutant (Datg1 mutant) yeast cells, which conrms the autophagy-dependent rescue of cells from the toxicity of Ab. This is the rst study that successfully employed a peptidomimetic/peptoid modulator to activate autophagy and promote the clearance of toxic Ab aggregates from cells. 90 Although there have been many reports on the modication of recognition units to develop aggregation modulators, few of these were equipped with the multifunctional ability to alleviate the multifaceted toxicity of AD.
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According to the metal ion hypothesis, the complexation of redox-active metal ions such as Cu 2+ with Ab peptide or their inclusion in amyloid aggregates accelerates the toxicity of Ab. 25, 95 Therefore, the design of peptide-or peptidomimeticbased metal chelators/sequestrators has been an active area of research, although most of the reported chelators lack multifunctional features. 96, 97 We developed the multifunctional peptidomimetic P6 by conjugating the copper-chelating natural tripeptide Gly-His-Lys (GHK) found in humans and the peptoidbased Ab aggregation modulator P5 (Fig. 7a and b) . 98 (Fig. 7c) . The multifunctional ability of P6 to inhibit the multifaceted toxicity of Ab was studied in PC12 cells (Fig. 7d ). Cells were rescued from Ab42-Cu II -induced toxicity, and the amount of ROS that was generated was substantially reduced. The sequestration of the metal, moderation of the aggregation of Ab and generation of ROS, protection of DNA, and antioxidant property to prevent oxidative stress make P6 a multifunctional inhibitor of the multifaceted toxicity of Ab. Although the multifunctional ability of peptides and peptidomimetics to modulate the multifaceted toxicity of Ab is promising, their probable limitations, including blood-brain barrier (BBB) permeability, size and overall stability, could hamper their potential applications for the treatment of AD. Moreover, the modulatory efficacies of small molecules are far superior in comparison with those of peptidomimetics, and as a result none of the peptidomimetics has reached clinical trials. Notwithstanding their limitations, the design and study of peptidomimetics have huge implications for understanding the mechanism of amyloid aggregation (amyloid hypothesis) and its relation to other hypotheses, which in turn may assist the development of selective and efficient disease-modifying therapeutics for AD.
Metal chelators.
Ab-metal (Cu, Fe and Zn) complexation and the related toxicity is at the core of the metal ion hypothesis. 24, 27 The disruption of Ab-metal interactions using suitably designed metal chelators has been an active area of research. In recent years, extensive research into the development of metal chelators that target Cu II in the Ab-Cu II complex has been undertaken to modulate metal-induced toxicity.
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Several metal chelators have been reported to exhibit promising activity in both in vitro and in vivo studies. Among these, the 8-hydroxyquinoline analogues clioquinol (Clq) and PBT2 have reached clinical trials (Fig. 7a) . In fact, Clq was the rst metal chelator to receive approval for clinical trials, but unfortunately failed owing to extreme toxicity. 100 The second-generation analogue PBT2 displayed promising results in comparison with Clq, although it failed in phase 2 clinical trials (Fig. 8a) . Despite these failures, Clq and its derivatives continue to inspire the next generation of metal chelators for modulating the toxicity of Ab-Cu II . [102] [103] [104] In recent years, the design of multifunctional metal chelators has received enormous interest for targeting the multifactorial toxicity found in AD. We designed hybrid multifunctional modulators (HMMs) by the integration of structural (hydroxyquinoline and polyphenolic moieties) and functional features (metal chelation and antioxidant properties) of Clq and EGCG, respectively (Fig. 8) . 105 The lead HMM, namely, TGR86, effectively modulated both metal- dependent and -independent aggregation of Ab. A computational study revealed that TGR86 interacts with the loop region of Ab42 in the aggregate state via multiple hydrogen-bonding and p-alkyl interactions. The enhanced modulation of the aggregation of Ab42 by TGR86 is also attributed to disruption of the formation of a salt bridge (Lys28-Asp23), as revealed by the computational study. TGR86 exhibits strong affinity for Cu II and hence sequesters it from the Ab-Cu II complex and maintains it in a redox-dormant state, which prevents the redox cycling process responsible for the generation of excess ROS. Unlike highly cytotoxic Clq, the lead HMM TGR86 enabled high cell viability. In cellulo studies of the effect of TGR86 against the toxicity of Ab42-Cu II in PC12 cells showed a signicant improvement in cell viability (Fig. 8d) . It has been reported in the literature that Ab interacts with import channels present in the outer mitochondrial membrane, which leads to a decrease in the mitochondrial membrane potential (MMP) and elevated levels of oxidative stress. 30, 106 Mitochondrial membrane damage and dysfunction are also considered to be among the hallmarks of the toxicity of Ab observed in AD. Thus, the prevention of mitochondrial damage and the generation of ROS is of immense interest in modulating the pathology of AD.
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Evidently, cellular studies of TGR86 showed a signicant improvement in the MMP in comparison with neuronal cells treated with Ab alone (Fig. 8e and f) . TGR86 binds toxic Ab42 and prevents its interaction with the mitochondrial membrane, which is conrmed by the improvements in the membrane potential and cell viability. 108 The development of multifunctional metal chelators is at an early stage, and more dedicated efforts are required to produce efficient and viable nextgeneration drug candidates to target the multifaceted toxicity of Ab.
Immunotherapy.
Immunotherapy is the manipulation of the immune system to elicit the necessary immune response for the treatment of disease. 109 The concept of immunotherapy has received strong interest from researchers, clinicians and pharmaceutical companies for the development of an effective treatment for AD. Several immunotherapies have been developed and tested in clinical studies aimed at countering the pathology of amyloid or Tau. Immunotherapy in AD can be broadly divided into two major categories: (i) active immunisation (Ab or Tau is administered to patients as an antigen) and (ii) passive immunisation (antibodies against Ab or Tau are administered to the patient) (Fig. 9a) . Antibodies are expected to clear amyloid deposits in the brain by binding to plasma Ab and promoting its clearance from the blood, which further creates a gradient effect and ultimately causes the clearance of Ab from the brain. Alternatively, antibodies can bind to deposits of Ab or Tau and activate macrophages, which in turn affect the clearance of aggregates of Ab or Tau from the brain. 110 Currently, immunotherapy has gained considerable importance over other therapeutic strategies; in particular, targeting amyloid aggregates (Ab and Tau) has been found to be a promising approach. In fact, most of the notable players in this area are pharmaceutical companies, which signies the importance of the amyloid hypothesis and amyloid aggregates as drug targets for the development of disease-modifying therapies for the pathology of AD. The relatively large size, biostability, ineffective crossing of the BBB, undesired immunogenic response and high cost of antigens/antibodies are some of the key factors that need to be considered when developing an effective immunotherapy for AD.
4.1.4.1 Active immunotherapy. Peptide-based vaccines have been designed on the basis of sequences derived from Ab and Tau for active immunisation (Fig. 9) . In the selection of peptides, sequences responsible for the activation of T-cells were avoided and only fragments responsible for the generation of specic antibodies were considered. Nicolau et al. developed a liposome-based vaccine (ACI-24, phase 1 clinical trials) to generate antibodies against Ab aggregates without causing activation of inammatory T-cells. 111 The N-terminal fragment of Ab (Ab [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ) is devoid of T-cell epitopes and prevents the activation of T-cells. In the design of peptide vaccines, Ab 1-15 was modied with palmitoylated lysine linkers on both the N-terminus and the C-terminus, and this synthetic modication helped to anchor Ab 1-15 to a liposome (Fig. 9b) . Ab 1-15 when immobilized on a liposomal membrane adopts a bsheet structure, which acts as an epitope and rapidly stimulates the generation of anti-Ab antibodies. These antibodies have been shown to dissolve amyloid aggregates in mice with AD (APPxPS-1). Similarly, a liposome-based vaccine for targeting dened pathological conformers of phosphorylated Tau (ACI-35, phase 1 trials) was developed.
112 This vaccine comprised a synthetic phosphorylated Tau fragment (16 copies) anchored to a lipid bilayer. Long-term vaccination with ACI-35 in a mouse model of AD improved the clinical condition and reduced tauopathy in the brain without initiating neuroinammation.
ABvac40 (Araclon Biotech) is the rst active vaccine developed to target the C-terminus of Ab40 and is undergoing phase 2 clinical trials. 113 Patients who were treated with ABvac40 generated antibodies against Ab40 without any signicant side effects. AADvac-1 is another active vaccine developed to provoke an immune response against pathological Tau and is undergoing phase 3 trials. It consists of a peptide derived from Tau (KDNIKHVPGGGS) coupled to keyhole limpet hemocyanin.
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Vaccination with AADvac-1 induced an active immune response with the production of antibodies capable of discriminating pathological and physiological Tau. A signicant reduction in the formation of neurotoxic Tau oligomers and the hyperphosphorylation of Tau (95%) in the brain was reported. CAD106 (Novartis Pharmaceuticals, phase 2 trials) is a virusparticle-based active vaccine that was prepared by coupling multiple copies of the Ab 1-6 peptide fragment to a Qb virus-like particle. 115 In models of AD, CAD106 induced anti-Ab antibodies without activating T-cells, which prevented an unwanted inammatory response. The administration of CAD106 to APP transgenic mice caused a signicant reduction in the accumulation of Ab, and there was no evidence of an increase in microhemorrhages or inammatory reactions. LuAF20513 (phase 1 trials) is an active vaccine that contains three alternating repeats of an Ab peptide fragment (Ab [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ) with sequences from tetanus toxin. 116 This engineered mixed-peptide antigen induces the production of anti-Ab antibodies that reduce the pathology of AD without inducing microglial activation in a model of AD. Another distinct and alternative approach to active immunisation involves a DNA-based vaccine, whereby DNA that encodes Ab peptide is injected into a patient.
DNA is translated to produce Ab peptide, which subsequently triggers an immune response to generate an Ab-specic antibody. 117 Although DNA-based immunisation is an interesting (Fig. 9) . Aducanumab (Biogen, phase 3 trials) is a human monoclonal antibody used against Ab aggregates. In mice with AD, aducanumab was found to cross the BBB and preferentially binds to parenchymal over vascular amyloid aggregates.
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Aducanumab reduces soluble and insoluble Ab aggregates in a dose-dependent manner in the brain in AD. Crenezumab (Genentech, phase 3 trials) is a humanised monoclonal antibody developed to recognise polymorphic forms of Ab aggregates such as oligomers, brils and amyloid plaques with high affinity over Ab monomer (Fig. 9b) . 119, 120 This binding interaction of the antibody promotes the clearance of neurotoxic Ab aggregate species from the brain, with limited effects on microglia, which prevents the unwanted release of inamma-tory cytokines and thus avoids side effects. Similarly, gantenerumab (Chugai Pharmaceutical), which is a human antibody that specically binds to Ab brils, is undergoing phase 3 trials. 121 This antibody binds to Ab amyloid plaques, attracts microglia and activates phagocytosis. Interestingly, gantenerumab interacts with both parenchymal and vascular Ab aggregates. In transgenic mice with AD (APP/PS-1), gantenerumab was found to bind Ab and dissolve plaques by recruiting microglia and prevents the formation of newer plaques without altering plasma Ab. BAN2401 (Biogen) is a monoclonal antibody that is currently undergoing phase 2 clinical trials and selectively binds to soluble Ab protobrils, which promotes their clearance and the neutralisation of toxic species.
122 Bapineuzumab (Pzer) is a humanised form of a murine monoclonal antibody (3D6) that targets the N-terminal region of Ab (Fig. 9b) . 123 Bapineuzumab initially showed promising results and reached clinical trials; however, it failed in advanced clinical trials. Solanezumab (Eli Lilly, phase 3 trials) is a humanised monoclonal antibody developed against an Ab peptide fragment (Ab [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] (Fig. 9b) . 124 It recognises Ab monomeric species and not brillar aggregates. Solanezumab has shown promising results in phase 2 clinical trials; however, in phase 3 trials it failed to prevent cognitive decline in patients with mild AD. The passive immunisation strategy has been promising, although the low BBB permeability, autoimmune response and inefficient retention of antibodies in the brain have hindered the potential application of drugs to treat AD. BIIB092 (Biogen, phase 2 trials) is a humanised anti-Tau monoclonal antibody raised against extracellular N-terminally fragmented truncated forms of Tau (eTau), which have been found to cause neuronal hyperactivity and an increase in the production of Ab.
125 BIIB092 was found to promote the clearance of Tau aggregates from the brain. Similarly, C2N 8E12 is another humanised antibody developed to recognise extracellular pathological Tau aggregates. 126 Extracellular Tau has been implicated in the transneuronal propagation of Tau in models of AD. The antibody C2N 8E12 has successfully completed phase 1 clinical trials, and phase 2 trials are in progress. In general, the outcomes of the ongoing and planned clinical trials will show whether immunotherapy that targets Ab and Tau can prevent or delay the pathology of AD.
Targeting protein-processing enzymes
The generation of toxic Ab and pTau is mediated by various processing enzymes. For example, the processing of APP by the successive proteolytic action of b-secretase and g-secretase releases toxic Ab peptide. Tau protein bound to microtubules is hyperphosphorylated by the enzymes (kinases) GSK3b and Cdk5, which leads to the abrupt release of pTau and collapse of the microtubules. Thus, therapeutic candidates that target the activity of such processing enzymes have shown signicant improvements in slowing the pathology of AD.
4.2.1 b-Secretase inhibitors. CNP520 is an oral drug candidate that inhibits the proteolytic activity of b-secretase on APP and reduces the production of Ab.
127 Tolerability, pharmacokinetics and pharmacodynamics data are encouraging, and CNP520 is currently undergoing phase 2 clinical trials. Similarly, elenbecestat, JNJ-54861911 and LY3202626 are dihydrothiazine-based b-secretase inhibitors that efficiently cross the BBB and displayed a dose-dependent reduction in the production of Ab peptide (Fig. 10) . 128, 129 Lanabecestat (Eli Lilly, phase 3 clinical trials) displayed signicant dose-and timedependent decreases in Ab40, Ab42, and sAbPPb in plasma, CSF and the brain. 130 A sulfonyl-based drug, namely, verubecestat (MK-8931, Merck, phase 3 clinical trials) is a potent and selective b-secretase inhibitor that has been shown to reduce the concentrations of Ab40, Ab42, and sAPPb in biological uids (Fig. 10) . 131 However, in phase 3 trials verubecestat failed to decrease the Ab levels in a patient's brain. It should be noted that b-secretase plays a vital role in improving synaptic plasticity and cognitive performance.
132 Therefore, inhibitors of b-secretase activity have given rise to severe adverse effects, which included reduced myelination of neurons, disturbances in glucose homeostasis and hepatotoxicity. This emphasises the need to adopt an unconventional design strategy such as the development of molecular clamps that bind to APP at the bsecretase cleavage site, prevent protease activity and consequently reduce the production of Ab peptide. 4.2.2 g-Secretase inhibitors. Semagacestat (Eli Lilly), which is a g-secretase inhibitor, has enabled reductions in Ab concentrations in plasma and CSF in a dose-dependent manner. However, semagacestat failed in phase 3 clinical trials owing to severe side effects (Fig. 10) . Further investigations revealed that apart from inhibiting g-secretase, semagacestat interferes with the activity of Notch signalling proteins, which accounts for the observed side effects. 134 On the other hand, an arylsulfonamide-based drug, namely, avagacestat, selectively inhibits the activity of g-secretase without affecting the function of Notch protein, although it failed in phase 2 clinical trials. 135 The naturally occurring cyclic sugar alcohol NIC5-15 (phase 3 trials) is a g-secretase inhibitor that does not interfere with Notch functions, while pharmacokinetics and pharmacodynamics data have shown that NIC5-15 is safe and tolerable for humans without causing side effects (Fig. 10) . 136 Apart from processing APP, g-secretase is involved in cleaving numerous physiologically important proteins such as Notch, E-cadherin, CD44, tyrosinase and TREM2. 137 Therefore, targeting g-secretase could potentially result in severe side effects by interfering with other physiological functions involving g-secretase. As was mentioned in the b-secretase section, the development of molecular clamps that bind to the cleavage site in APP may prevent the activity of g-secretase and possibly overcome this drawback to provide potential drug candidates.
4.2.3 Kinase inhibitors. Protein kinases have been identied as promising targets because of their involvement in the hyperphosphorylation of Tau. 138 An imbalance between the phosphorylation and dephosphorylation of Tau leads to an irreversibly hyperphosphorylated state of the protein. This process is driven by a reduction in the dephosphorylation of Tau or the overactivity of protein kinases. GSK3b plays a vital role in the Tau phosphorylation process and is responsible for the highest percentage of hyperphosphorylation that has been observed. An increase in the deposition of toxic Ab is known to signicantly increase the activity of GSK3b, although the actual mechanism is not clear. Therefore, GSK3b is a potential therapeutic target and has been pursued by many academic researchers and pharmaceutical companies. Many GSK3b inhibitors have been developed, including paullone, maleimide derivatives and indirubin. 139 However, high cytotoxicity and undesirable side effects have prevented these GSK3b inhibitors from entering clinical trials. Tideglusib is an orally available thiadiazolidinone-based GSK3b inhibitor, and in preclinical studies it has shown reductions in Tau phosphorylation and neuron loss in a mouse model (Fig. 10) . 140 The other important Tau protein kinase is Cdk5. The dysfunctioning of Cdk5 contributes to senile plaques, neurobrillary tangles, synaptic damage, mitochondrial dysfunction and cell cycle-dependent neuronal apoptosis.
141 Small-molecule-based Cdk5 inhibitors have been reported in the literature; however, adverse side effects have limited their practical utility. The search for effective potent kinase inhibitors must follow a novel and unconventional molecular approach to drug design that includes nding ways to prevent the phosphorylation of Tau without altering other physiological functions of enzymes. One such unorthodox suggestion would comprise the design of molecular inhibitors that bind to an appropriate site on Tau protein and prevent interactions with kinases and the specic phosphorylation of Tau.
Targeting inammation
Inammation plays a key role in the pathology of AD, and therefore targeting inammatory pathways is considered to be a promising drug design strategy for AD. 38 To target inam-matory processes in AD, two types of drug design strategies are being pursued: (i) the use of anti-inammatory drugs for the downregulation of inammation in the brain in AD and (ii) the activation of the immune system to counteract the pathological feature (Ab deposits) by initiating inammation. Some of the promising drug candidates that have been developed to target inammation in AD and are currently undergoing clinical trials are shown in Fig. 11 . An imidazole-based drug, namely, azeliragon (Pzer, phase 3 trials), is an inhibitor of the receptor for advanced glycation end products (RAGE), which is a key receptor in inammatory processes. 142 The cell surface receptor RAGE binds to lipids and proteins, which are glycated when exposed to sugars (advanced glycation end products, AGEs).
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Under conditions in AD the production of AGEs is upregulated, and these subsequently bind to RAGE causing inammation and oxidative damage. Interestingly, azeliragon blocks AGE/ RAGE interactions and prevents inammation. In clinical studies, treatment with a RAGE antagonist (azeliragon) gave rise to a decrease in the brain load of Ab and also prevented cognitive decline.
Glutaminyl cyclase (QC), which is a metalloenzyme, has been shown to be upregulated in AD patients. QC catalyses the cyclisation of the glutamate residue at the N-terminus of Ab peptide to generate pyroglutamate-Ab (pGlu-Ab), which is a highly pathogenic form of Ab.
144 pGlu-Ab is reported to be extremely toxic and is a major constituent of senile plaques in the brain in AD. 145 A benzimidazole-based drug, namely, PQ912 (phase 2 trials), has been shown to inhibit QC in rats, mice and humans. In vivo studies have indicated that PQ912 effectively reduces the pathology of amyloid by inhibiting QC and improves learning and memory. 146 A combination therapy using two drugs, namely, ibuprofen and cromolyn, has been developed (ALZT-OP1) for the treatment of AD (Fig. 11) . Ibuprofen is a non-steroidal anti-inammatory drug (suppresses cytokine release) that has been shown to have a signicant effect on AD. On the other hand, cromolyn inhibits the aggregation of Ab monomer to form oligomers and brils under in vitro and in vivo conditions.
147 ALZT-OP1 is currently undergoing phase 3 clinical trials, and the results are promising. A tetracycline derivative, namely, minocycline (phase 2 trials), is known for its anti-inammatory properties; it effectively crosses the BBB and exhibits neuroprotective properties via the modulation of inammation and oxidative stress. 148 Mice with AD treated with minocycline exhibited improved spatial memory accompanied by downregulation of the levels of anti-inammatory cytokines in the brain. Neamapimod (phase 2 trials) is an inhibitor of the alpha isoform of p38 mitogen-activated protein kinases (p38 MAPK), which are known to activate pro-inammatory cytokines. In microglia, p38 MAPK activate the release of tumor necrosis factor-alpha (TNF-a) and IL-1b (pro-inammatory cytokines) in response to various types of stressors such as Ab42. In neurons, p38 MAPK are involved in manipulating the localisation of Tau and neuronal plasticity. 149 A rat model of AD (Tg2576) treated with neamapimod has shown a decrease of 50% in Ab load and a reduction in the level of pro-inammatory cytokines such as IL-1b.
150 Thalidomide (phase 2 trials) is an immunomodulatory agent that exhibits anti-inammatory activity by preventing the production of TNF-a.
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Etanercept (Pzer, phase 2 trials) is a fusion protein developed from a TNF-a receptor and the Fc end of the antibody immunoglobulin G. Etanercept binds to the pro-inammatory cytokine TNF-a and prevents its function. 152 In fact, etanercept is an FDA-approved treatment for various rheumatological and inammatory skin diseases. However, etanercept failed to provide signicant improvements in cognition and behavioural assays. 153 Although none of the drug candidates that have been discussed are effective without causing signicant side effects, there is a need to develop modulators of inammation that target inammation in the pathology of AD.
Targeting cholinergic system
Small molecules that target the cholinergic system and NMDA receptor are the only FDA-approved drugs available for the treatment of mild to moderate AD (Fig. 12) . These drugs provide symptomatic and temporary relief to the patient by modulating the levels of neurotransmitters and do not directly treat the underlying disease mechanisms.
32 Donepezil, galantamine, rivastigmine and tacrine are FDA-approved drugs that inhibit AChE and/or butyrylcholinesterase, which are involved in the degradation of the neurotransmitter ACh (Fig. 12) . The inhibition of AChE activity leads to increased levels of ACh in synapses, which improves cholinergic transmission and provides temporary improvements in memory and cognition. A prodrug of galantamine (GLN-1062, phase 1 trials) has been developed to increase the lipophilicity to improve its BBB permeability. The prodrug GLN-1062 enters the brain and is enzymatically cleaved to release the active drug galantamine.
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Histamine H3 receptors are predominantly expressed in the central nervous system over the peripheral nervous system and modulate cholinergic systems. An active histamine H3 receptor antagonist, namely, SUVN-G3031, was developed to treat the cognitive decits found in AD. In vivo studies have shown enhanced cholinergic signalling, reduced phosphorylation of Tau, and improved behavioural decits. 155 Memantine is a lowto medium-affinity NMDA antagonist of glutamate receptors in the brain. The binding of memantine affects NMDA receptoroperated ion channels, which reduces the effects of excitotoxic glutamate release. Memantine binds to the NMDA receptor with greater affinity than Mg 2+ , which inhibits the prolonged inux of Ca 2+ from extrasynaptic receptors and forms the basis of neuronal excitotoxicity. 
Conclusion and outlook
We have described various molecular and pathophysiological mechanisms that encompass synaptic function, metal homeostasis, neural transmission, ATP production, memory formation and autophagy, among others that are severely affected in AD. Although multiple hypotheses have been proposed to explain the pathology of AD, the amyloid hypothesis is the most widely accepted and is considered to be a realistic target for the development of diagnostic and therapeutic interventions. The current diagnosis mostly comprises evaluation of mental status, mood testing and cognitive behavior, but symptomatic and behavioral changes are manifested only in the advanced stages of AD. The detection of biomarkers (Ab load) in biological uids such as blood and CSF via in vivo uorescence imaging of the human brain using selective NIR probes is a promising approach, which needs to be further developed into a viable technique and validated for clinical use. In vivo uorescence imaging of the human brain is currently limited by the technique (unavailability of suitable equipment) itself, but the situation is expected to change in the near future. At present, PET is the most promising technique for the early diagnosis of AD. Although some probes have been approved for clinical use, the lack of highly selective and sensitive PET probes for biomarkers of AD (Ab and Tau aggregates) has limited their widespread clinical utility. Nevertheless, PET imaging coupled with MRI is expected to enhance our understanding of structural and functional changes in the brain during the progression of AD, which can be used to develop brain maps as a standard in brain analysis for the early diagnosis of AD. The detection of biomarkers in the brain is still a challenging task and requires sophisticated, safe and practically viable techniques. Recent efforts in the identication of biomarkers (APP/ Ab42 and Ab40/Ab42) in biological uids (blood) have been promising. In this study, a composite parameter was derived from the concentrations of biomarkers to dene the amyloid load in the brain with an accuracy of 90% and statistical signicance. However, further standardisation and improvements in sensitivity and accuracy are necessary for its practical utilisation. Furthermore, many biomarkers have a direct or indirect role in the pathology of AD, and multiplexing their analysis in biological uids could possibly lead to a realistic and timely diagnosis of AD. Progress in the development of therapeutic interventions for preventing the symptoms of AD has been encouraging, although several drug candidates have unfortunately failed at various stages of clinical trials. These failures are mainly attributed to the fact that most of these drugs interfere with one of the many disease pathways of multifactorial AD. In other words, the complex pathophysiology of AD involves the dysfunction of various key molecular pathways, and successful drug design must take into account the integration of multiple disease pathways. In this context, the multifunctional approach that we adopted in our laboratory could be an effective and promising strategy for developing drugs to target the multifaceted pathology of AD. In fact, targeting amyloid aggregation (Ab and Tau aggregates) using small molecules, natural products, peptidomimetics and metal chelators has been actively pursued; however, the discouraging outcomes have reoriented the attention of researchers to focus on the development of multifunctional drug candidates. Such drug candidates must be capable of preventing the aggregation of Ab and Tau, metal chelation, metal-induced aggregation, the generation of excess ROS and oxidative stress, damage to biomolecules by ROS, inammation, mitochondrial damage, synaptic toxicity, the activity of secretase and kinase enzymes and many other processes. In recent years, immunotherapy has been considered to be one of the most probable therapeutic strategies for targeting the clearance of amyloid from the brain and has been actively pursued by leading pharmaceutical companies. Although immunotherapy is promising, a few critical issues, such as low BBB permeability, size, autoimmune response, stability, retention in the brain and the high cost of development and treatment, need to be addressed before it nds practical application. Preventing the activity of enzymes such as b-secretase, g-secretase and kinases in the pathology of AD is a viable strategy for drug discovery. Current approaches to targeting these enzymes have shown adverse side effects, which were attributed to their vital role in many other biological process in the brain. Thus, we propose the design of molecular clamps that bind to the b-secretase/g-secretase cleavage site in APP or specic phosphorylation sites in Tau and subsequently prevent the undesirable specic activity of enzymes. Such a therapeutic design approach may yield potential drug candidates that effectively inhibit enzymatic (protease/ phosphorylation) activity without interfering with the other biological functions of enzymes. Drugs that target inamma-tion and the cholinergic system have mostly provided symptomatic relief, although these drugs can be made potent with improved therapeutic effects if used in combination with multifunctional drugs that target the core pathology of AD. Our understanding of AD in terms of complex molecular and pathophysiological mechanisms is very limited in spite of the vast available literature. In fact, the actual cause and realistic molecular targets need to be discovered and validated on the basis of existing and new knowledge. AD has become a common epidemic worldwide, and the research community across various disciplines needs to collaborate to provide better and faster solutions in terms of managing the disease via effective diagnostic and therapeutic interventions. The ambitious neuroscience and brain projects launched in the United States (Brain Research through Advancing Innovative Neurotechnologies (BRAIN) Initiative), Europe (Human Brain Project (HBP)), Japan (Brain Mapping by Integrated Neurotechnologies for Disease Studies (Brain/MINDS)) and China (China Brain Project) with the aim of developing novel technologies and unraveling mysteries of the brain are expected to help researchers to understand and develop effective diagnostic and therapeutic strategies for brain disorders, mainly AD. Although many individual research groups are actively involved, there are no dedicated grand initiatives in the area of neuroscience and brain disorders in India. Notwithstanding the setbacks, we are hopeful that research efforts and knowledge accumulated over the years will supplement the ongoing and forthcoming efforts in drug discovery to successfully develop effective diagnostic and therapeutic interventions for AD in the near future.
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